Introduction
Chronic bilateral deep brain stimulation (DBS) of the globus pallidus internus (GPi) for the treatment of medically refractory forms of primary generalized dystonia has been shown to be effective and well tolerated in most patients [1] [2] [3] . GPi DBS has also shown promising benefit in refractory primary focal and segmental dystonia syndromes, including cervical and cranial-cervical dystonia, in a number of small case series [2, [4] [5] [6] [7] . Recently, we noted that a large subset of our cranial-cervical dystonia patients were reporting new difficulties with gait and fine motor activities in previously nondystonic body regions after bilateral GPi DBS [7] . Similar findings have been anecdotally reported in one prior publication involving a series of patients with primary generalized dystonia [8] .
In this retrospective study, we sought to further investigate stimulation-induced motor impairments in patients with cervical and cranial-cervical dystonia, using a patient-based questionnaire. We studied the correlation of stimulation-induced motor impairments with electrode location, and with degree of improvement in dystonia, to better understand the mechanism underlying the stimulation-induced impairments.
Methods

Patients
Eleven patients with idiopathic cervical and cranial-cervical dystonia, who had undergone bilateral GPi DBS at the University of California San Francisco Medical Center or the San Francisco Veterans Affairs Medical Center between 1998 and 2006, were considered for this study. All patients were diagnosed by a movement disorders neurologist and had normal neurological exams except for their dystonia, and none showed evidence of dystonia extending to their upper or lower extremities. None of the patients had a history of exposure to neuroleptics or another identifiable secondary cause of their dystonia.
Study Design
All study patients were clinically evaluated preoperatively and at scheduled visits after surgery using the validated Burke-FahnMarsden Dystonia Rating Scale [9] (BFMDRS) and the Toronto Western Spasmodic Torticollis Rating Scale [10] (TWSTRS). A questionnaire was designed to better characterize and evaluate the incidence and severity of any possible abnormal motor effects induced in previously unaffected limbs after bilateral DBS implantation. Patients were asked to rate changes in various upper and lower extremity motor activities (e.g. 'handwriting' and 'walking up stairs') as 'improved', 'no change', 'mildly worsened', 'moderately worsened', or 'severely worsened' compared to their preoperative baseline function. Patients were asked to record symptoms at their most severe, after their DBS was activated and stable programming settings had been achieved for at least 1 month. The severity of stimulation-induced motor impairments was quantified for statistical analyses by assigning 0 points for improved or no change in activities and 1, 2, or 3 points for mildly, moderately, or severely worsened changes, respectively.
Surgery
Patients were operated on under the Medtronic humanitarian device exemption for primary dystonia using a surgical technique to implant the DBS systems described in detail in an earlier publication [11] . The initial anatomic target was defined by direct visualization of the GPi borders on stereotactic brain MRI using inversion recovery fast spin echo imaging. Quadripolar electrode array trajectories were planned such that they traversed the intercommissural plane within the posterior GPi at a distance of 3-4 mm from the pallidocapsular border and terminated at the dorsolateral border of the optic tract.
All patients were implanted with bilateral DBS leads (Model 3387, Medtronic, Minneapolis, Minn., USA) under monitored local anesthesia. Single-unit microelectrode recordings were used to confirm GPi neuronal activity and to identify cells in which the discharge corresponded to passive movements of the contralateral extremities, neck, or face. Testing was performed intraoperatively to determine the voltage threshold for stimulation-induced corticobulbar or corticospinal activation. Since cells corresponding to movement of the jaw or neck were rare, the leads were placed so as to span the full body representation, including arm and leg territories. A Medtronic Kinetra dual-channel pulse generator was placed under general anesthesia, either during the DBS implantation surgery or during a second operation shortly thereafter.
Determination of DBS Lead Location
GPi placement was verified by postoperative MRI using a transmit-receive headcoil in accordance with the device manufacturer recommendations. The MR images were transferred to an image-processing station (Framelink version 4.1; Medtronic) for analysis. Lateral, vertical, and anterior-posterior coordinates of the distal tip of the DBS lead and of the entry point were measured with respect to the midcommissural point and documented [12, 13] . In addition, the location of the lead with respect to the pallidocapsular border (edge of internal capsule) was measured on T 2 -weighted fast spin echo images. Measurements were made in two dimensions on the reformatted axial image passing through the commissures -a plane chosen because, following programming for optimal benefit, most active electrodes had a vertical coordinate close to 0 mm. A straight line was drawn between the anteromedial and posterolateral corners of the GPi visualized in the plane of the commissures and considered to represent the pallidocapsular border. The distance from the lead was then measured perpendicular from the pallidocapsular border.
Programming of the DBS Implant
Neurostimulator programming was performed by a movement disorders neurologist or clinical nurse specialist 1-2 weeks after implantation. Each electrode was activated separately in a unipolar fashion, and voltage-limiting adverse effects were noted for each electrode. The most acute common stimulation-induced adverse effects noted during programming were dysarthria or tonic contraction of contralateral facial or arm muscles, presumably due to current spread to the corticobulbar or corticospinal tracts. All patients were initially programmed using one or two electrodes in unipolar mode, with pulse width of 210 s, and frequency of 145-185 Hz. The final contact choice using unipolar or bipolar mode was set at a voltage level below the threshold for acute stimulation-induced facial or arm tonic contraction, typically by at least 0.4 V. Most patients returned for follow-up programming visits every 1-2 months. If patients were still experiencing dystonic symptoms, changes were made in contact choice, voltage, or frequency. Programming settings for each patient at the approximately 6-month follow-up visit are listed in table 1 .
Statistical Analysis
Descriptive analyses were used to report the survey results. Statistical significance of changes in clinical rating scales after surgery compared with baseline was assessed using the Wilcoxon signed-rank test (paired). Correlation between degree of improvements in dystonia rating scales seen postoperatively and degree of stimulation-induced motor impairments (assessed by calculating the numerical summation of all motor symptoms reported as an overall stimulation-induced motor impairment severity) was assessed using a Pearson correlation coefficient (two-tailed). Also, the correlation between the overall stimulation-induced motor impairment severity and the distance of the lead to the internal capsule was calculated using the Pearson correlation coefficient (two-tailed). Since each patient has two leads (left and right), the closest of the two lead distances to the internal capsule was used. A significance threshold of p ! 0.05 was used. Statistical analyses were implemented in SPSS 12.0 for Windows (SPSS, Inc., Chicago, Ill., USA).
Results
Patient Characteristics
The clinical characteristics of the patients are summarized in table 1 . Eleven subjects (6 male/5 female) met the criteria for this study and completed the questionnaire. Two patients were recruited and implanted at the San Francisco Veterans Affairs Medical Center and the remainder at the University of California San Francisco Medical Center. Two patients had pure cervical dystonia and 9 patients had cranial-cervical dystonia, of which 2 had mild truncal involvement. None of the patients had any arm or leg involvement. The dystonia syndrome began with blepharospasm in 5 patients and cervical dystonia in 6 patients. The mean age of the patients when they developed initial symptoms of dystonia was 44.3 8 11.2 years (range 28-59). The mean duration of disease at the time of DBS implantation was 13.6 8 10.8 years (range 
Clinical Results
Overall, GPi DBS resulted in dramatic improvement in the patients' dystonia symptoms ( table 1 ) . At follow-up, the BFMDRS motor scores improved from a mean of 16.8 8 9.1 before surgery to 5.9 8 3.9 after surgery (p ! 0.005), reflecting a 65% improvement. The BFMDRS disability scores also improved from 4.7 8 1.6 before surgery to 2.8 8 1.8 (p ! 0.020). The total TWSTRS scores improved from a mean of 51.4 8 9.5 at baseline to 21.1 8 19.2 after surgery (p ! 0.008), reflecting a 59% improvement in patients with cervical dystonia.
Survey Results
A summary of the responses from the questionnaire is presented in table 2 . Motor side effects after GPi DBS were primarily bradykinetic in nature and frequently rated as moderately or severely worsened. The most frequently reported disturbance was a change in handwriting (82%). Also commonly reported was difficulty lifting objects off the ground and holding objects above the head (55%), new difficulty with getting up from a chair or in and out of a car (73%), getting up from the floor (55%), getting out of a tub or shower (45%), and rolling over in bed (45%).
Correlation of Adverse Effects with Improvement in Dystonia
Statistical analyses were performed to investigate if a relationship could be demonstrated between induced motor impairment and percent improvement (or worsening) after DBS. The numerical severity of stimulation-induced motor adverse effects were summed for patients' upper and lower extremities and plotted against the percent change in their BFMDRS motor and total TWSTRS scores ( fig. 1 ) . Although clear trends of worsening bradykinesia with improvement in dystonia rating scales were seen, the correlations did not reach statistical significance (p = 0.31 and p = 0.17 for BFMDRS motor and TWSTRS scores, respectively).
A video illustrating the motor side effects is available at http://www.karger.com/doi/10.1159/000195718. Figure 2 shows an axial (left) and sagittal (right) view MRI of the brain demonstrating typical lead location within the GPi. The mean coordinates of the 22 leads at ( table 3 ) . The bottom of contact 0 was placed at the base of the physiologically determined GPi, which is typically 0-1 mm dorsal to the optic tract. The mean distance from the lead to the internal capsule was 3.6 8 1.2 mm. Using the numerical summations of stimulation-induced motor symptoms as a measure of overall severity as described above, there was no significant correlation between the distance of the lead to the internal capsule and severity of stimulation-induced motor effect, although there was a trend toward a greater severity of motor impairment with leads closer to the internal capsule (r = -0.377, p = 0.253) ( fig. 3 ).
Correlation of DBS Lead Location and Degree of Motor Impairment
DBS Parameter Adjustments
In 10 of the 11 patients, attempts were made to find optimal DBS settings that maintained benefit for their dystonia while reducing induction of bradykinesia. Adjustments in voltage and pulse width were made to reduce the likelihood of spread to capsular regions, as well as stimulating more ventrally located contacts, to potentially avoid stimulation near the leg representation in the GPi (which is dorsal and medial to the arm representation) [14] . In general, these attempts were unsuccessful in im- proving the bradykinetic symptoms while maintaining the control of dystonia. In addition, trials of lower-frequency stimulation (60-130 Hz) were attempted. Lower-frequency stimulation improved the bradykinetic motor symptoms in 9 of the patients, but in 8 patients it resulted in significant worsening of their cranial and cranial-cervical dystonia, leading to titration back to a higher frequency setting and ultimately resulting in some level of compromise between improvement in dystonia and stimulation-induced adverse effects, usually around 110 Hz.
Discussion
In this retrospective study of patients successfully treated with bilateral pallidal DBS for idiopathic cranial and cranial-cervical dystonia, we found that novel motor impairment occurred quite frequently. The motor impairments were largely bradykinetic in nature, with patients frequently reporting a moderate to severe worsening in a number of activities involving both upper and lower extremities that were previously unaffected by dystonia and felt to be normal at baseline. All patients experienced a major reduction in their cervical or cranial-cervical dystonia, but the motor impairments could not be completely dissociated from the beneficial effects on dystonia by programming changes.
During intraoperative testing and programming of GPi stimulators, the most common stimulation-induced adverse motor effects are dysarthria and tonic contraction of contralateral muscle groups in the face and arm [1, 2] . These effects occur immediately following programming, are reversible with a modest decrease in stimulation settings or adjustment in electrode choice, and are thought to result from spread of stimulation to the corticobulbar tract or corticospinal tract. In contrast, the motor changes we report here were primarily bradykinetic in nature. There are several reasons to believe the effects were not caused by spread of stimulation to the corticobulbar tract or corticospinal tract. First, in some of our patients the symptoms developed insidiously, in 1 case after 3 years of stimulation, rather than immediately following device activation (online supplementary video, www.karger.com/doi/10.1159/000195718). Also, based on our measurements of electrode location, stimulationinduced bradykinesia is not explained by aberrant DBS lead location outside of the GPi and did not significantly correlate with distance of the lead from the internal cap- sule. The DBS lead tips were all placed in the posterior ventral portion of the GPi such that the corticobulbar tract fibers running medially are closest to the lead, followed more posteriorly by the corticospinal tract fibers to the arm, and even more posteriorly by the corticospinal tract fibers to the leg. As such, if the stimulation-induced bradykinesia were due to current spread to the pyramidal tracts, the first symptoms experienced would more likely anatomically correspond to the face, and in fact dysarthria is almost always the first symptom to occur acutely with spread of stimulation to the internal capsule. The patients in this study, however, were deliberately programmed at a voltage level lower than the threshold for dysarthria or tonic facial contraction, and patients who complained of lower extremity symptoms did not report facial symptoms. Further, patients with the most benefit in dystonic symptoms tended to have the most difficulty with stimulation-induced bradykinesia suggesting that stimulationinduced bradykinesia may arise from the same neural circuit mediating the antidystonic effect rather than from a neighboring structure. Finally, using a current diffusion model to evaluate the effect of extracellular stimulation on the activation of neurons, McIntyre et al. [14] found that at 3.0 V, 100 s and 150 Hz, neurons greater than about 2.5 mm from the active electrode contact do not depolarize. Although our stimulation parameters on average were slightly higher than those used in the model by McIntyre, spread of current sufficient to cause widespread capsular activation at the mean distance of 3.6 mm between active contact and the border of the internal capsule seems unlikely.
Others have reported isolated cases of hypokinetic motor affects following GPi stimulation in nonparkinsonian disorders, including worsening of bradykinesia in a patient with Huntington's disease at high stimulation frequencies [15] and the unilateral impairment of rapidly alternating movements in a patient treated with unilateral GPi DBS for severe Gilles de la Tourette syndrome [16] . Tisch et al. [8] reported the development of delayedonset akinesia with gait slowing, difficulty rising from a chair, and turning in bed in 2 patients treated with bilateral GPi DBS for primary generalized dystonia. Inactivation of the GPi in normal nonhuman primates has been shown to decrease the amplitude and speed of arm movements [17] [18] [19] .
Recently, several small series and a few case reports have reported subthalamic DBS as a possible treatment for primary and some secondary forms of dystonia [20] [21] [22] [23] . Based on animal studies, surgical alteration of the indirect pathway alone would be expected to have fewer bradykinetic side effects than alteration of the direct and indirect pathways combined, but this remains to be demonstrated in humans [24, 25] .
In patients with juvenile-onset primary generalized dystonia, Alterman et al. [26] found that 60-Hz stimulation effectively treated dystonia symptoms. In our group of patients with adult-onset cervical and cranial-cervical dystonia, reducing stimulation frequency to 60 Hz eliminated bradykinetic adverse effects, but in almost all our patients this was associated with an unacceptable worsening of dystonia symptoms. Interestingly, as the frequency was slowly titrated up to 100-110 Hz, many of our patients had partial relief of dystonia without a significant induction of bradykinesia, possibly reflecting a frequency range where a compromise between improvement in dystonia and induction of bradykinetic effects could be achieved. Further study of a frequency-dependent relationship between improvement in dystonia and adverse motor effects in this patient population may contribute to our understanding of the mechanism of DBS that has already been revealed by stimulation frequency changes in other movement disorders [27] .
This study has a number of limitations, including our use of a subjective, nonvalidated questionnaire, which sought patient information in a retrospective manner and is therefore subject to recall bias. Moreover, although patients' descriptions of symptoms generally suggested bradykinesia, some of the induced motor symptoms may not be purely from bradykinesia and instead could be the result of other induced motor effects such as rigidity, micrographia, or incoordination. Given the overall general satisfaction and dystonia improvement with GPi DBS, there also exists a potential for patients to underreport side effects. Objective measures of bradykinetic symptoms (such as comparing performances on specified motor tasks) are critical to better characterize and quantify changes. In future studies, it would be interesting to see if a relationship exists between degree of motor impairment and the time point a patient develops stimulationinduced symptoms. Rater-and subject-blinded testing would also greatly improve the validity of any future studies.
In conclusion, GPi DBS appears to be a safe and effective therapy for focal and segmental forms of dystonia, including cervical and cranial-cervical dystonias. However, GPi stimulation in these patients may induce bradykinetic symptoms in previously unaffected limbs leading to difficulty with important motor tasks such as writing, getting up from a chair or in/out of a car, and walking. Although these symptoms may be somewhat improved with alteration of stimulation parameters (frequency), they usually cannot be entirely eliminated without worsening of dystonia.
